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We present a summary of our spectroscopic studies of the oscillator strength of transitions re-
lated to the formation of neutral and positively charged excitons in modulation p-doped
CdTe-based quantum wells. The hole concentration was controlled in the range from 1010 2cm to
1011 2cm . Continuous-wave and time-resolved femtosecond pump–probe absorption measurements
were performed. They allowed us to study the interacting system of excitons, trions, and free
holes. Characteristic times of the system were determined, such as the trion formation time. A new
explanation of so-called oscillator strength «stealing» has been proposed, in terms of spin-depend-
ent screening. Experimental evidence is presented for optical creation of transient spin polariza-
tion in the quantum well.
PACS: 71.35.–y
Introduction
The existence of charged excitons (trions) in semi-
conductors was predicted by Lampert [1] already in
the fifties. However, because of a very small dissocia-
tion energy, charged excitons were extremely difficult
to observe in bulk crystals. A very different situation
occurs in doped semiconductor quantum wells, where
the confinement leads to a strong increase of the dis-
sociation energy and charged excitons can be easily
observed. The first experimental identification of
charged excitons in a semiconductor quantum well by
Kheng et al. [2] opened the field of experimental stud-
ies of those complexes. In particular, optical proper-
ties of both p- and n-doped CdTe-based quantum well
were extensively studied [3–6]. Transmission, photo-
luminescence, four wave mixing and time resolved ab-
sorption experiments were performed. Negatively
(X–) and positively charged (X ) excitons are fre-
quently observed in absorption and often dominate
the excitonic photoluminescence of doped quantum
wells (both in III–V and II–VI semiconductor sys-
tems) [7,8]. They appear as absorption or photolu-
minescence lines a few meV below neutral exciton
transition.
In this paper we present a summary of our studies
of positively charged excitons in modulation p-doped
CdTe-based quantum wells. We had a possibility to
control the hole concentration by additional illumina-
tion in the range up to 1011 2cm . Thus relative inten-
sity of charged and neutral excitons was controlled.
Therefore we were able to investigate the role of the
hole gas and the interplay between the charged- and
the neutral excitons.
Experiments
The experimental results were obtained on modula-
tion doped structures consisting of a single 80 Å quan-
tum well (QW) of Cd Mn Te1x x ( . )x  0 0018 embed-
ded between Cd Zn Mg Te066 007 027. . . barriers grown
pseudomorphically on a (100) Cd0 88. Zn012. Te sub-
strate. Due to strain and confinement the energy sepa-
ration between heavy and light hole excitons is larger
than 15 meV. Therefore only heavy hole excitons were
observed in our experiments. Modulation p-type dop-
ing was assured by a nitrogen-doped layer placed at
200 Å from the QW. The density of the hole gas in the
QW was controlled by an additional illumination
with photon energy above the gap of the barriers, pro-
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vided by a tungsten halogen lamp with a blue filter:
the control mechanism and its calibration are de-
scribed in detail in  [9].
The continuous wave (cw) transmission through
the sample was measured as a function of hole gas den-
sity. The external magnetic field was applied in a Far-
aday configuration. We also measured time resolved
absorption in a pump–probe configuration. The pulses
were generated by a Ti3 : Al O2 3 laser tuned to
765 nm (1620 meV), at a repetition rate of 100 MHz.
The duration of the laser pulse was about 100 fs and
the spectral width about 40 nm (80 meV), which is
much broader than the separation between the neutral
exciton line X and the charged exciton line X  . To ex-
cite only one transition (charged or neutral exciton)
the pump pulse was shaped to a spectral width less
than 1 nm and a duration of about 2 ps, thus creating
either X, or X  by the binding of an additional hole.
We analyzed the dynamics of both transitions by a
spectrally broad probe pulse. The pump and probe
pulses were focused on the sample to a common spot of
diameter smaller than 100 m, and the spectrum of the
pump pulse transmitted through the sample was re-
corded as a function of the pump–probe delay. The
power of both pulses was controlled independently,
the pump-to-probe intensity ratio being at least 20:1.
The average power of the pump beam was typically
300 W, which results in the creation of a few times
1010 cm–2 excitons by each pulse. The pump beam was
polarized circularly (by convention,   , creating elec-
trons with spin –1/2 in the conduction band, and
holes of momentum +3/2 in the –3/2 spin-down va-
lence subband, Fig. 1). The probe beam was detected
behind the sample in both circular polarizations, mea-
suring the absorption associated with the creation of
either X or X  having electron–hole pairs of the same
spin as the pump (  , co-polarized), or opposite ( ,
cross-polarized). Therefore, we could analyze the in-
fluence of the charged exciton on the neutral exciton
and separate spin-dependent contribution by sepa-
ration of the light polarization. Additionally, by ap-
plying magnetic field we were able to resolve all four
polarization configurations: pump with   probe with

 (–/+) and   (–/–) and pump polarized   and
probe   (+/+) and   (+/–). To analyze the neu-
tral and charged exciton line intensities two Gaussian
functions were fitted to the cw or time-resolved spec-
tra. In some experiments difference spectra were ana-
lyzed to expose the change in the optical absorption
under influence of the pump pulse.
Results
Continuous wave measurements
Let us start from results obtained in cw transmis-
sion measurements. In Fig. 2 the transmission through
quantum well, measured for different hole concentra-
tions, is shown. Two absorption lines are observed.
The higher energy line is related to the neutral exciton
(X). The second line, lying at lower energy, is related
to the positively charged exciton (X ). A strong in-
fluence of the hole gas on intensity of both transitions
is observed. The neutral exciton intensity decreases
with increasing hole concentration. Simultaneously
the charged exciton intensity increases. For low hole
concentrations the charged exciton intensity is propor-
tional to the hole concentration in the relevant spin
subband. However, for higher hole concentration the
intensity of the charged exciton saturates, because
states with higher k are filled.
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Fig. 2. Transmission through the quantum well measured
for different hole concentrations.
The changes of relative intensity of the charged and
neutral exciton were observed for both negatively and
positively charged excitons [2,9,10]. This effect was
called oscillator strength stealing (OSS) from the
neutral exciton by the charged exciton. However, the
change of the charged exciton oscillator strength is
not equal to the change of the neutral exciton oscilla-
tor strength. In this way the sum rule is not applic-
able; only after taking into account additional optical
transitions involving scattering processes is the sum
rule approximately obeyed [3,11]. We will show that
it is possible to explain the reduction of the neutral
exciton intensity by screening: a normal and a spin-de-
pendent one. The two types of screening can be sepa-
rated by magnetooptical experiments.
Measurements of cw optical density in external
magnetic field were also performed. The selection
rules for charged and neutral exciton are the same as
for pump–probe experiments, presented in Fig. 1. In
Fig. 3,a the transmission spectra in both polarizations
in magnetic field are shown. In   polarization we ob-
serve that the neutral exciton line dominates the
charged exciton line. In Fig. 3,b, where intensities of
the neutral and charged exciton lines are plotted ver-
sus magnetic field, the charged exciton line com-
pletely disappears in –0.3 T. However, for the  po-
larization the charged exciton line gets stronger with
increasing magnetic field. In magnetic field as low as
—0.3 T the hole gas is fully polarized in one spin
subband, due to the giant Zeeman effect in the
semimagnetic QW. A charged exciton is formed by the
a binding of an additional hole from the pre-existing
gas with spin opposite to those created by the light. In
one polarization trions cannot be formed — there are
no pre-existing holes in the opposite spin subband. In
the opposite polarization the intensity of the charged
exciton dominates, while the intensity of the neutral
exciton is smaller. This correlation between charged
and neutral exciton intensities became known as in-
tensity- or oscillator strength stealing. No microscopic
explanation of this effect has been proposed so far.
Using external magnetic field and external illumina-
tion we can control the relative number of charged
and neutral excitons. An important conclusion from
cw measurements is that the spin-dependent effects
are essential. However, their exact nature was still un-
clear. Significant progress was obtained in time-re-
solved studies.
Time-resolved absorption measurements
We measured the time-resolved absorption [6] hop-
ing to explain the origin of the oscillator strength
stealing. In Fig. 4,a the optical density for negative
and short positive delays (0.5 ps) is presented. We ob-
serve two absorption lines, one related to the charged
exciton, the other to the neutral exciton. At zero delay
(when the strong pump pulse excites the sample) the
intensity of the charged exciton decreases and inten-
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Fig. 3. Optical density of a CdMnTe quantum well in magnetic field (hole concentration was p   2 1010 2cm ) (a). Inte-
grated line intensities as a function of magnetic field (b).
sity of the neutral exciton increases for co-polarized
pump and probe pulses. The line intensities are plot-
ted versus pump–probe delay time on Fig. 4,b,c. Tem-
poral evolution of the oscillator strength of the
charged and neutral excitons is shown Fig. 4,b for co-
and cross-polarized beams when the pump pulse is
tuned to resonance with the charged exciton. Results
for pump pulse tuned to the neutral exciton are pre-
sented in Fig. 4,c.
Let us start the discussion from co-polarized beams.
We observe an intensity decrease of the charged
exciton, accompanied by an intensity increase of the
exciton at zero delay time. This variation is faster
when the pump pulse is tuned to resonance with the
charged exciton; when the pump pulse is tuned to res-
onance with the neutral exciton, the same effects are
observed with a delay. We observe the same behavior
as that observed in transmission measurements
(Fig. 2), with one important difference: now we do
not modify the density of pre-existing holes. The only
thing which changes in time-resolved measurements,
is the occupation of charged exciton states. This fact
led us to a new explanation of the oscillator strength
stealing phenomena, in terms of spin-dependent screen-
ing. Let us assume that intensity of neutral exciton de-
creases due to screening by holes with spin opposite to
the spin of the hole created by light. In this way we
can explain why in cw measurements the increase
of the hole density results in a decrease of neutral
exciton intensity. In time-resolved results, the holes
bound into the charged excitons (resonant creation of
the charged excitons by the pump) cannot screen the
neutral exciton any more, and its intensity increases,
as shown in Fig. 4,b. The decrease of the charged
exciton intensity is due to bleaching of the transition:
the number of charged excitons created by the pump
pulse is comparable with the number of pre-existing
holes; therefore the probe pulse with the same polar-
ization cannot form charged excitons — the transition
is blocked. The conclusion is that the decrease of neu-
tral exciton intensity is due to screening by holes with
spin opposite to that of the holes involved in the neu-
tral exciton — a spin-dependent effect. The second
important conclusion is that binding holes into the
charged exciton excludes them from interaction with
the rest of the system, specially from screening the
neutral exciton. In the case of pumping into the neu-
tral exciton we observed the same effect, but the in-
crease of the neutral exciton intensity is delayed. In
this case the charged exciton is not formed directly.
The pump creates neutral excitons, and then some
time is needed to bind additional holes and form
charged excitons. Therefore the increase of neutral
exciton intensity, when the pump pulse is tuned to
resonance with the neutral exciton, occurs with a rise
time related to formation of charged excitons. We
found that this rise time depends on hole concentra-
tion in following way: 5, 2, and 1 ps for hole densities
2 5 1010.  , 3 1010 , and 4 1010 2 cm respectively [6].
The formation time is faster for higher hole concentra-
tion, in good agreement with the PL results presented
in  [12,13].
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Fig. 4. Optical density for a QW with hole density p  25 1010. cm2, at negative delay (—8 ps, solid line) and short
positive delays (0.5 ps, dashed line), for a co-polarized pump pulse tuned to X (a); evolution of the X and X oscillator
strength with pump pulse tuned to X ( )b ; evolution of X and X with pump pulse tuned to X ( )c .
Let us turn to the situation when the pump and
probe pulses are cross-polarized. We observe a com-
pletely different time evolution of charged and neutral
exciton intensities depending on whether the pump
pulse is tuned to resonance with the charged or neutral
exciton. In Fig. 4,b (pump resonant with X ) the in-
tensity of the charged exciton increases a little bit,
and the intensity of the neutral exciton does not
change in time. However, when we tune the pump
pulse to resonance with neutral exciton (Fig. 4,c), the
intensity of both transitions decreases at zero delay.
This behavior can be explained by spin-dependent
screening. When we pump into the charged exciton we
bind holes. The charged exciton is sensitive to holes
with both spins (because it consists of two holes with
opposite spin). The bound holes are excluded from
screening trions, which increase in intensity. In co-po-
larization this effect is masked by the bleaching dis-
cussed previously. When we pump the neutral
exciton, a decrease in intensity is observed in cross-po-
larization for both neutral and charged excitons. We
explain it by exciton–exciton interaction: screening
and phase space filling.
We can use the fact that the charged exciton inten-
sity is proportional to the density of holes in the rele-
vant spin subband to find characteristic time of the
heavy hole spin flip. Let us assume that a strong pump
pulse creates a nonequilibrium population of heavy
holes in one spin subband. Then the intensity of the
charged exciton when the probe pulse is   polarized
is proportional to the density of holes in spin 3/2
subband. For   polarization of the probe pulse inten-
sity of the charged exciton is proportional to the num-
ber oh heavy holes with spin –3/2. Therefore, the
time evolution of the difference of intensity of charged
exciton in both circular polarizations gives us informa-
tion about spin relaxation of the heavy holes. In a
complicated systems like ours, other spin polarizations
(of excitons, trions) can also be responsible for the in-
tensity difference. However, we believe that the hole
spin polarization is predominant. In Fig. 5 the tempo-
ral evolution of the difference between co- and
cross-polarized intensities of the charged exciton is
plotted. The decay time is 8 ps, and we found it
weakly dependent on the hole concentration in the in-
vestigated range. This value is comparable to the spin
relaxation times determined for holes bound in exci-
tons and trions. Photoluminescence experiments with
much lower excitation power and very similar hetero-
structures gave values from about 3 ps [14] through
20 ps  [12] up to 35 ps  [13].
Conclusions
We have shown that pump–probe time-resolved
absorption measurements can be a useful tool for
studying interaction mechanisms in the exciton–car-
rier–trion system. We proposed a new explanation of
the known oscillator strength stealing effect by spin-
dependent screening. We showed experimentally a
new optical creation mechanism of spin polarization of
a 2D carrier gas in a semiconductor quantum well.
Pump–probe absorption experiments enabled us to
measure characteristic times of the excitons and carri-
ers, such as the trion creation time or spin relaxation
time.
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